The present work explains simulation and experimental investigation of the most significant performance parameters of a ferroelectric liquid crystal (FLC) optical switch. The measurements were carried out with commercially available FLC mixture (θ = 22.5 • ), having a very fast response time within the range of 1-10 µs. The best achieved cross talk was~19 dB, which is an exact match with the theoretical result.
limits network speed and shows slightly excessive cross-talk [26, 27] . Unpowered nematic switches may quickly become disordered and fail to direct signals according to the most recently selected path, which means they do not have a memory and numerous stability states. Ferroelectric liquid crystals (FLCs) discovered by Mayer in 1975 [28] have become a subject for intensive research and have observed increasing high technology applications for displays and data processing. In 1998, Riza et al. reported a low cross-talk highly scalable 2 × 2 ferroelectric liquid crystal (FLC) switch for all-optical fiber networks [29] . The evolution of FLC switches in fiber networks deliver much faster response times (τ) and have a memory capability such that optical signals will be directed along a pre-selected path until the switch position is actively changed.
The purpose of present work is the simulation and experimental investigation of the most important performance parameters of FLC modulator. The molecular tilt angle (θ) of a KCFLC 10R sample shows 22.5°. The cell thickness was optimized to get a better contrast ratio as cross-talk = 10 log (1/K), where K is the contrast ratio. For optimal FLC parameters, the best achieved cross-talk obtained at room temperature was ~19 dB. The response time as a function of voltage showed very good results (< 10 μs).
Experiments
The experiments were conducted using the commercial smectic mixture KCFLC 10R from Kingston Chemicals Limited. The mesophases and transition temperatures while cooling down from isotropic phase were SmC* 62 °C, SmA* 97 °C, N* 107 °C Iso. The homogeneously aligned cells of thicknesses varying from 2 μm to 25 μm were used for the measurements. The cell thickness was estimated by transmittance measurements using Avaspec-2048 spectrometer (Avantes, Louisville, USA). The RN-1175 polymer (Nissan Chemicals, Tokyo, Japan) is used to obtain perfect homogeneous alignment. This thermo aligning polymer aligns nematic [30] [31] [32] and ferroelectric [33] [34] [35] [36] LC molecules homogenously in cells. The spin coated (3000 rpm, 30 s) Indium Tin Oxide (ITO) glass substrates were baked at 250 °C for an hour to generate planar alignment by evaporating excess solvent. The FLC cells were rubbed anti-parallel and sealed with epoxy on two sides.
The molecular tilt angle (θ) was measured by rotating a microscopic stage between +θ and −θ by the application of electric fields. The contrast ratio is the property, which determines the quality of a device, and was measured using stabilized He-Ne laser emitting at a wavelength (λ) of 632.8 nm. The transmitted light intensity was captured by a photo detector and output signal was recorded on a dual-trace storage oscilloscope (Tektronix, Model TDS 2014). A square wave signal was applied to the sample at a driving frequency 110 Hz, which was obtained from a function generator (Agilent, Model 33120A). Figure 1 shows the schematic of the experimental set-up used for FLC physical parameter measurements. 
Cell Thickness Optimization
A wedge FLC cell (Figure 2a ) was made of glass plates coated with RN1175 polymer and rubbed in an antiparallel direction to achieve a well-aligned planar configuration. The plates were glued with spacers of 1 µm along one edge and 30 µm along the opposite edge. The orientation of LC molecules imposed by the glass substrates was parallel to the boundaries and to the wedge edge.
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A wedge FLC cell ( Figure 2a ) was made of glass plates coated with RN1175 polymer and rubbed in an antiparallel direction to achieve a well-aligned planar configuration. The plates were glued with spacers of 1 μm along one edge and 30 μm along the opposite edge. The orientation of LC molecules imposed by the glass substrates was parallel to the boundaries and to the wedge edge. The wedge cell was placed on a hot stage under crossed polarized states and the light transmission through the cell was measured using an Avaspec spectrometer, which provides accuracy of wavelength better than 10%. The empty cell thickness (Figure 2b ) was measured from the interference fringes reflected from both glass substrates, and is calculated as
where k λ and n k + λ are the wavelengths of two minima or maxima and n is the number of fringes. In the vicinity of each fringe, the cell is the same as a system of flat cells and the thickness varies slowly from one edge to the other edge.
Optical Switching in FLC Modulator
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Optical switching was performed in the smectic C* (SmC*) mesophase. The center of mass of the LC molecules in this phase is randomly distributed in the equally spaced smectic layers. The molecular director (n) is tilted with an angle θ/2 with respect to the normal to the smectic layers and the phase is optically biaxial. The possible states of molecules in SmC* phase is depicted in Figure 3 .
From Figure 3a it is obvious that α ± = β ± θ, where θ is the molecular tilt angle. In order to measure θ, one must find out the position (i.e., β angle) of minimum transmittance which occurs at α = 0. There are two angular positions (of β) for such minimum, first β = θ gives a minimum for negative state, i.e., α − = β − θ = 0, and the second β = −θ gives a minimum for positive state, i.e., α + = −β + θ = 0. Therefore, by measuring the angular positions of rotation stage of polarizing optical microscope which correspond to the negative and positive minimums we can determine 2θ.
Optical switching was performed in the smectic C* (SmC*) mesophase. The center of mass of the LC molecules in this phase is randomly distributed in the equally spaced smectic layers. The molecular director (n) is tilted with an angle θ/2 with respect to the normal to the smectic layers and the phase is optically biaxial. The possible states of molecules in SmC* phase is depicted in Figure 3 . In sufficiently thin samples, a homogeneously polarized ferroelectric state can be switched under the application of an electric field. FLC acts as a dielectric in a transparent capacitor. The applied voltages across the capacitor plates produce linear electro-optical switching of the polarization and tilt and also principal optical axis switching. The optical axis for an FLC is determined by n and the molecule can be switched between two stable states with a relative angle θ. Two molecular orientations are possible with respect to the polarization in the SmC* phase, and can be seen in Figure 3b . The net spontaneous polarization (P) appears in the direction perpendicular to the smectic layer plane. The switching can be easily observed between crossed polarizers. Due to the birefringence of the cell, the ordinary and extraordinary waves travel at different speeds through the cell and interfere at the output. The molecules can be switched by the application of electric field in the direction perpendicular to the surface. When the direction of spontaneous polarization is reversed by the external electric field then the optical axis therefore changes its orientation by twice the tilt angle.
Principle of Operation

Binary Switch
The principle of operation is that the birefringent plate at the input port manipulates the polarization states to the desired ones. The most important element in the binary switch is FLC, in conjunction with the lateral beam splitters (LBS). In the absence of the electric field, the input signal passes through the FLC cell and polarization beam splitter with the same polarization. The schematics of optical switching through the FLC cell and the LBS are shown in Figure 4 . In sufficiently thin samples, a homogeneously polarized ferroelectric state can be switched under the application of an electric field. FLC acts as a dielectric in a transparent capacitor. The applied voltages across the capacitor plates produce linear electro-optical switching of the polarization and tilt and also principal optical axis switching. The optical axis for an FLC is determined by n and the molecule can be switched between two stable states with a relative angle θ. Two molecular orientations are possible with respect to the polarization in the SmC* phase, and can be seen in Figure 3b . The net spontaneous polarization (P) appears in the direction perpendicular to the smectic layer plane. The switching can be easily observed between crossed polarizers. Due to the birefringence of the cell, the ordinary and extraordinary waves travel at different speeds through the cell and interfere at the output. The molecules can be switched by the application of electric field in the direction perpendicular to the surface. When the direction of spontaneous polarization is reversed by the external electric field then the optical axis therefore changes its orientation by twice the tilt angle.
Principle of Operation
Binary Switch
The principle of operation is that the birefringent plate at the input port manipulates the polarization states to the desired ones. The most important element in the binary switch is FLC, in conjunction with the lateral beam splitters (LBS). In the absence of the electric field, the input signal passes through the FLC cell and polarization beam splitter with the same polarization. The schematics of optical switching through the FLC cell and the LBS are shown in Figure 4 . Through the application of an electric field, FLC molecules rotate the polarizations of the signal passing through it. With the sufficient electric field, optical signal polarizations rotate to the orthogonal ones and the LBS passes the signal to the other output port. The principle of basic switch matrix mechanism is reported by Alex et al. in 2007 [37] . In this study, we are introducing a faster FLC instead of a twist nematic (TN) LC. In general, the optical parameters of FLCs are worse than in nematics but the main source for cross-talk is non-ideal beam splitters, and this problem can be fixed by the insertion of final cross-talk removal stages. In this case, the optical parameters of LC-SLM (liquid crystal special light modulator) are not important and FLCs may be used for fast matrix switch. Through the application of an electric field, FLC molecules rotate the polarizations of the signal passing through it. With the sufficient electric field, optical signal polarizations rotate to the orthogonal ones and the LBS passes the signal to the other output port. The principle of basic switch matrix mechanism is reported by Alex et al. in 2007 [37] . In this study, we are introducing a faster FLC instead of a twist nematic (TN) LC. In general, the optical parameters of FLCs are worse than in nematics Crystals 2019, 9, 388 5 of 10 but the main source for cross-talk is non-ideal beam splitters, and this problem can be fixed by the insertion of final cross-talk removal stages. In this case, the optical parameters of LC-SLM (liquid crystal special light modulator) are not important and FLCs may be used for fast matrix switch.
Simulation of Switch Performance Parameters
In multimode optical switching, the most challenging problem is the attainment of low cross-talk and faster response time. For the potential application of a FLC switch, the most significant performance parameter cross-talk (ratio of power leaked through the wrong output to the right one) is characterized theoretically and experimentally. Low crosstalk indicates high signal quality or small signal interference. The light transmittance through the FLC material between the crossed and parallel polarized state can be expressed as:
where θ is the tilt angle and π·∆n·d/λ is the optical retardation, in which ∆n is the refractive index anisotropy, d is FLC layer thickness, and λ is the wavelength. T + and T − are the maximum and minimum transmitted light intensity, which depend on the phase shift introduced by the FLC material.
The superscripts (±) correspond to the polarity of applied voltage and subscripts (+ and ||) represent the crossed and parallel polarizer geometry. Therefore, the transmittance between parallel polarizers T ± || complements T ± + , so that:
From the transmittance measurements, it is possible to calculate the contrast ratio as:
The K + and K ||' are the contrast ratio of both crossed and parallel polarized states. As cross-talk is 10 log (1/K), we have simulated the cross-talk (CT) using Equations (5a) and (5b), also shown in Figure 5 .
and ∆n(T) of crossed and parallel polarized states.
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Electro-Optic Measurements
The KCFLC 10R material under study exhibits an optimal molecular tilt angle of 22.5 • at room temperature (Figure 6a) . The molecular tilt angle as a function of temperature (Figure 6a ) is measured in a 6 µm cell using the application of an external field. While cooling down from isotropic temperature, θ exhibits optimal angle at room temperature. The phase transition to the ferroelectric phase θ is considered as the primary order parameter, and it is the angle between the smectic layer and the principal director n. 
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Results and Discussions
Electro-Optic Measurements
The KCFLC 10R material under study exhibits an optimal molecular tilt angle of 22.5° at room temperature (Figure 6a) . The molecular tilt angle as a function of temperature (Figure 6a ) is measured in a 6 μm cell using the application of an external field. While cooling down from isotropic temperature, θ exhibits optimal angle at room temperature. The phase transition to the ferroelectric phase θ is considered as the primary order parameter, and it is the angle between the smectic layer and the principal director n. The switching time of FLC material under investigation has been characterized as a function of an applied electric field, shown in Figure 6b . Fast response time is one of the important peculiarities of FLCs together with bi-stability when compared to conventional nematic LC switches. At room temperature, the 6 μm cell exhibits much faster switching time (< 10 μs for 4 V/μm) and it shows an increasing trend of response time with an increasing electric field. LC shutters are limited by the switching time to rotate the LC director under the application of electric field and the recovery time after the field is removed. While the recovery time is entirely dependent upon the properties of LC, switching time also depends on the applied field. For optical systems, as with flat panel displays, both switching and recovery times are important, but for recording one time images only the switching time is more important than recovery time.
The contrast ratio (K) as a function of temperature in crossed and parallel polarized-state measured at room temperature is depicted in Figure 7 . The measurements were performed by KCFLC 10R material with a cone angle of 45° to obtain the maximum contrast. The switching time of FLC material under investigation has been characterized as a function of an applied electric field, shown in Figure 6b . Fast response time is one of the important peculiarities of FLCs together with bi-stability when compared to conventional nematic LC switches. At room temperature, the 6 µm cell exhibits much faster switching time (<10 µs for 4 V/µm) and it shows an increasing trend of response time with an increasing electric field. LC shutters are limited by the switching time to rotate the LC director under the application of electric field and the recovery time after the field is removed. While the recovery time is entirely dependent upon the properties of LC, switching time also depends on the applied field. For optical systems, as with flat panel displays, both switching and recovery times are important, but for recording one time images only the switching time is more important than recovery time.
The contrast ratio (K) as a function of temperature in crossed and parallel polarized-state measured at room temperature is depicted in Figure 7 . The measurements were performed by KCFLC 10R material with a cone angle of 45 • to obtain the maximum contrast. Experimentally, it is convenient to express the cross-talk in terms of measured K and the results in Figure 7 shows maximum contrast is achieved with 6 μm cell for both crossed and parallel polarized states. The calculated cross-talk in both polarized states is 19 dB. The simulated results were confirmed by experiments with a FLC binary switch. When compared to all other optical switches, LC-based switches exhibit slightly excessive cross-talk because of the cross-talk sources, two of which are from FLCs and two from beam splitters. This is evident in the schematic shown in Figure 8 . Here, Ap and As are the cross-talk sources of passed and shifted signals by LBS and A1 (due to the depolarization of the light beam passed through the switched FLC state) and A0 (which shows how closely the light rotates at 90° while passing through the FLC material) are from the FLCs. The measured cross-talk of the FLC binary switch is presented in Table 1 . Experimentally, it is convenient to express the cross-talk in terms of measured K and the results in Figure 7 shows maximum contrast is achieved with 6 µm cell for both crossed and parallel polarized states. The calculated cross-talk in both polarized states is 19 dB. The simulated results were confirmed by experiments with a FLC binary switch. When compared to all other optical switches, LC-based switches exhibit slightly excessive cross-talk because of the cross-talk sources, two of which are from FLCs and two from beam splitters. This is evident in the schematic shown in Figure 8 . Experimentally, it is convenient to express the cross-talk in terms of measured K and the results in Figure 7 shows maximum contrast is achieved with 6 μm cell for both crossed and parallel polarized states. The calculated cross-talk in both polarized states is 19 dB. The simulated results were confirmed by experiments with a FLC binary switch. When compared to all other optical switches, LC-based switches exhibit slightly excessive cross-talk because of the cross-talk sources, two of which are from FLCs and two from beam splitters. This is evident in the schematic shown in Figure 8 . Here, Ap and As are the cross-talk sources of passed and shifted signals by LBS and A1 (due to the depolarization of the light beam passed through the switched FLC state) and A0 (which shows how closely the light rotates at 90° while passing through the FLC material) are from the FLCs. The measured cross-talk of the FLC binary switch is presented in Table 1 . Here, Ap and As are the cross-talk sources of passed and shifted signals by LBS and A1 (due to the depolarization of the light beam passed through the switched FLC state) and A0 (which shows how closely the light rotates at 90 • while passing through the FLC material) are from the FLCs. The measured cross-talk of the FLC binary switch is presented in Table 1 . 
Cross-Talk Sources
Measured Cross-Talk in (dB)
Ap 27
As 19
A1(A+) 21
A0(A || ) 19
It can clearly be seen in Table 1 that the main cross-talk in the binary FLC switching stage under study is from the beam splitter (Ap). In ideal conditions, the vertically polarized light must completely pass straightforward through the LBS (see Figure 4) , however practically some part of the beam is reflected from the air split and is shifted by the beam splitter (As), as can be seen in Figure 8 . Similarly, some part of the horizontally polarized light (Ap) passes straight forward through the LBS. The values obtained from the LBS are As~19 dB and Ap~27 dB, and from the FLC are A1~21 dB and A0~19 dB. The main source of cross-talk in FLC is the imperfect alignment of LC molecules. In one of the previous work, Fracasso et al. developed a free-space switch based on the FLC material [38] . Cross-talk in the developed 1 × 14 single-stage switch varies from −21 dB to −45 dB in between the addressed and non-addressed fibers with the switching time only in the order of sub-millisecond. In another work, Yulia et al. demonstrated a fast 2 × 2 free-space photonic switch exhibiting cross-talk of −33 dB [39] . This switch was based on FLC exhibiting switching times in the order of microseconds. In this study, the obtained crosstalk of approximately −19 dB can be modified to obtain better results by introducing cross-talk cleaning stages to the final switching stage.
Conclusions
In summary, the feasibility of a free space fast optical switch concept was studied theoretically and experimentally using FLC material. Even if they have the disadvantage of slightly excessive cross-talk, LC switches offer large electro-optic effects over a short distance, are very reliable, and also their optical performance is satisfactory. The switching speed of the FLC material under study, KCFLC 10R, is much faster (<10 µs) than conventional non-mechanical switches. For optimal FLC parameters at fixed temperature, the best achieved crosstalk measured was approximately −19 dB. The use of cross-talk removal stages helps to reduce cross talk to better than −30 dB. The main idea of a faster FLC matrix switch is to use conventional LCD technology to perform parallel switching in optical channels, without disturbing each other. Due to the faster response time and reliability, FLC modulators are attractive for scientific research and have many potential applications in optical communication networks.
